This paper proposes a novel linear actuator for a tactile display, especially for a Braille interface aimed for the visually impaired, and for a new human haptics interface. The features of such actuators may be evaluated using factors such as output force, stroke, and compactness. The proposed actuator shows better performance in terms of stroke, compactness, and output force compared with existing actuators. The proposed actuator is an electromagnetic linear mini-actuator with two stators and one moving winding. The direction of the output force can be controlled by changing polarity of the input current. The structure of the proposed actuator, simulations, and the experimentally measured data will be presented in this paper.
Introduction
A tactile display can be a replacement of Braille, which conveys information by touching sense for visually impaired people. Also, the tactile display can convey information of a shape of an object for visually impaired people. Furthermore, the tactile display is expected to be used in the fields of virtual reality and human interface.
A tactile display consists of many small actuators. Various actuators have been developed to realize a usable tactile display. For example, one of the major topics of tactile display development is the presentation of Braille. The height of each Braille cell is from 0.6 mm to 0.9 mm because of an international standard. Therefore, the actuators need stroke of 1.0 mm. The following literatures can be found is for actuators for this purpose.
Firstly, a piezoelectric actuator uses piezoelectric bimorph which consists of two piezoelectric elements. The piezoelectric bimorph is a board shape to increase its deformation since deformation of the piezoelectric element is very small (1) . Secondary, actuators using shape memory alloy (SMA) are divided into several types. The types are a spring shape (2) , a film shape (3) , and a wire shape (4) . Thirdly, a pneumatic actuator consists of an elastic layer, flow channel and air compressor. The elastic layer is deformed by air pressure (5) . Fourth, electromagnetic actuators use repulsive force between an electromagnet and magnet (6) (7) and Lorentz force (8) . They consist of a coil and magnet. However, these actuators have some problems. In terms of the size, the pneumatic actuator is large because of the flow * Hitachi Industrial Equipment Systems Co., Ltd.
7-1-1, Higashinarashino, Narashino, Chiba 275-8611, Japan * * Division of Electrical and Computer Engineering, Yokohama National University 79-5, Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan channel and air compressor. Also, the piezoelectric actuator is large because of its bimorph structure. In terms of the actuation frequency, the SMA spring actuator is very low. In terms of the output force, Fig. 1 is a summary of the relation between the output force and displacement of various actuators. The horizontal axis is displacement of the actuators and the vertical axis is output force of the actuators. Output force of the piezoelectric bimorph actuator, the SMA spring actuators, and the pneumatic actuator are decreased when the displacement is increased (1) (2) (5) . It is important for output force to keep constant when displacement is from 0.6 mm to 0.9 mm. Additionally, the output force of the film SMA actuator (3) , the actuator using repulsive force (6) , and the electromagnetic actuator (8) are too small for a Braille display. Additionally, the displacement amount is needed to control the actuators. The displacement amount is usually obtained by a To solve the problems listed above, a new actuator was proposed and a simulation was calculated (9) . This actuator can generate a positive and negative Lorentz force, which the value is almost constant through a large stroke with the same input. The size is small enough to satisfy the international standard for a Braille cell. In this paper, the experimental measurements of the new actuator are shown, compared with the simulation results. This paper is constructed as follows. The section 2 explains the structure of the proposed actuator and the principle of force generation. The section 3 shows thermal analysis results and simulation results of Lorentz force. The section 4 shows the experimental results of Lorentz force, and the section 5 concludes this paper. Figure 2 shows the proposed actuator and the cross-section view. The size is 4.0 mm × 4.0 mm × 28.2 mm, and diameter of the contact part is 2.6 mm. The proposed actuator consists of a mover, inner and outer stators. The materials used in the proposed actuator are listed in Table 1 . A wire diameter of copper is 0.2 mm. The mover is driven in the vertical direction and the stroke is 1.0 mm. Figure 3 shows the mover structure and the direction of current. The mover consists of ten winding parts for driving and an additional winding for mover position estimation. The winding part for driving has 20 turns. The directions of current are changed at every adjacent winding part. The additional winding has 40 turns. The total number of turns of the mover is 240. The winding is fixed with an epoxy resin adhesive. Figure 4 shows the stator structure and the magnetized directions. The stators consist of inner stator and outer stators. The stators are made of magnets and iron parts which are alternately arranged. The stators are placed in a multi-layer structure to increase output force. The inner stator is made of columnar magnets, columnar iron parts, a columnar permalloy part, and a stainless steel pipe. Figure 4 (b) depicts the size of the parts. The shape of the outer stator is a square tube to enable the actuators to be easily arranged in a plane. The magnets are vertically magnetized and are placed so that the same poles face each other. Thus, the magnetic flux flows from inner magnets into the outer magnets and flows in the opposite direction at every alternating iron part.
Proposed Electromagnetic Actuator

Structure of Proposed Actuator
Principle of Lorentz Force Generation
This section explains the principle of force generation. Figure 5 shows the directions of the magnetic flux, Lorentz force, and current. The current direction alternates at each alternating winding. The magnetic flux crosses through the windings as shown in Fig. 5 . Lorentz force is generated by the product in the current in the windings and the magnetic flux. The magnetic flux flows constantly in one direction at each winding. Therefore, this actuator can realize a pushing motion and a pulling motion by changing the directions of current. The Lorentz force of the mover F is calculated as
where J, B, and V denote the vector of current density, the vector of magnetic flux density, the volume of winding. 
where J and B r (r, x) denote current density and magnetic flux density in the +r component. Thus, the Lorentz force in +x direction is proportional to current density.
Simulation Anaysis
Thermal Analyses
The recommended temperature of magnets is 80
• C or lower since the performance of magnets decline by higher temperature. A large current will heats up the actuator. Therefore, it is necessary to consider the maximum allowable current. Temperatures of magnets, winding, and iron parts are calculated by simulation software. These simulations were conducted in a steady state and a transient state by using a magnetic field analysis of the electromagnetic analysis software, "JMAG Designer" based on the finite element method. Simulation parameters in thermal analysis are listed in Table 2 . They are set as thermal conductivity, specific heat, and density. Air temperature is assumed to be 35
• C. The coefficient of the heat transfer is 5 W/(m 2 ·K) which is a value in still air. Electric power consumption P is calculated as where I and R denote current of the windings and internal resistance of the windings. Figure 6 shows the relation between current and temperature of the actuator. It indicates the thermal equilibrium values when constant DC current is applied to the actuator. The horizontal axis is current and the vertical axis is temperatures of the windings, inner stator, and outer stator. Temperature of the winding which is the heat source is the highest. The temperature of the inner stator is higher than temperature of the outer stator. The temperature of the inner stator was higher than 80
• C when the current was 0.2 A. Additionally, it was stable for 40 minutes in the simulation result in the transient state. Hence, DC current 0.2 A can be applied to the actuator.
Simulations of Lorentz Force
The Lorentz force of the actuator is calculated by the JMAG simulation. Simulation parameters in the magnetic field analysis are listed in Table 3 . The mesh size of the iron parts, the mesh size of others, the number of steps, and the step size are 0.20 mm, 0.30 mm, 20, and 0.05 mm, respectively. The mesh size of the iron parts is smaller than the others since the iron parts are small. Furthermore, DC current 0.1, 0.2, −0.1, and −0.2 A are applied to the actuator. The mover position changes from the initial position to 1.0 mm shown in Fig. 5 . Figure 7 shows simulation results of the Lorentz force. The horizontal axis is displacement of the actuator and the vertical axis is the Lorentz force of the actuator. Values of the Lorentz force are listed in Table 4 . The Lorentz force has a maximum value when displacement is 0.45 mm since magnetic flux density is not uniform. As the simulation results, the Lorentz force did not change significantly by the displacement. This is easily changed by controlling current. Figure 8 shows the experimental equipment. It consists of the actuator, a DC power supply, a laser sensor, a load cell, a digital Figure 10 shows the experimental results and the simulation results of the Lorentz force. The horizontal axis is displacement of the mover and the vertical axis is the Lorentz force of the actuator. Displacement of the mover is from 0.1 mm to 1.0 mm. The maximum Lorentz force is 23.2 mN and 47.7 mN when current is 0.1 A and 0.2 A. When current is 0.1 A, experimental result almost coincides with the simulation result. When current is 0.2 A and displacement is from 0.5 mm to 1.0 mm, the experimental result is smaller tha n the simulation result. The experimental result of 0.2 A can be plotted on Fig. 1 at about 45 mN . Therefore, performance of the proposed actuator is better than the other actuators from the view point of large force in a wide displacement. Figure 11 shows relation between current and the Lorentz force when displacement is 0.4 mm. The horizontal axis is current and the vertical axis is the Lorentz force of the actuator. Current range is from 0.04 A to 0.20 A since the Lorentz force is very weak when the current is smaller than 0.04 A. The Lorentz force is proportional to current and the experimental result almost coincides with the JMAG simulation result.
Experiments
Experimental Equipment and Method
Experimental Results
Conclusion
A novel linear actuator was proposed for tactile display, which has one stator made of two parts and one moving winding. This actuator is compact and can output positive and negative force by changing the direction of input current. The 3D size of the proto-type actuator is 4.0 mm × 4.0 mm × 28.2 mm. The experimentally measured data indicated output force (42.1 mN) which is almost constant within a 1 mm stroke.
